Heterogeneous photocatalysis is able to operate effectively to eliminate organic compounds from wastewater in the presence of semiconductor photocatalyst and a light source. Although photosensitization of titania by organic dyes is one of the conventional ways for visible-light utilization of titania, previous studies have not yet addressed the use of natural food coloring agents as templates in the synthesis of mesostructured materials, let alone the simultaneous achievement of highly crystalline mesoscopic framework and visible-light photocatalytic activity. In this work, anthocyanin, a natural pigment from red radish was directly used as template in synthesis of highly crystalline mesoporous titania. The synthesized mesoporous titania samples were characterized by a combination of various physicochemical techniques, such as XRD, SEM, HRTEM, nitrogen adsorption/desorption, and diffuse reflectance UV-Vis. The prepared mesoporous titania photocatalyst exhibited significant activity under visible-light irradiation for the degradation of dyes and phenols due to its red shift of band-gap-absorption onset and visible-light response as a result of the incorporation of surface carbon species.
Introduction
Organic dyes and phenolic compounds usually come from industrial effluent and other artificial activities and are very toxic compounds which contribute significantly to water pollution. Elimination of these organic compounds from wastewater using heterogeneous photocatalysis which are able to operate effectively in the presence of semiconductor photocatalytic materials and a light source appears as the most emerging destructive technology [1] . Most of the semiconductor materials reported in the literature as photocatalysts are based on TiO 2 because of its low price and steady and high photocatalytic activation. Unfortunately, the wide band gap of pristine TiO 2 limits its light absorption only to the UV-light range and 97% of the visible spectra of sunlight reaching the surface of earth are unable to be used by TiO 2 , which hold back its practical applications. Therefore, many researchers are focusing on how to modify the quality of TiO 2 to improve the efficiency of TiO 2 to absorb visible light [2, 3] . Photosensitization of TiO 2 nanoparticles by organic dyes was found to be an effective approach to enhance the visible-light utilization of TiO 2 , because organic dye molecules attached to the surface of TiO 2 are responsible for absorbing the incoming light [4] [5] [6] . For example, Chowdhury et al. [6] have used eosin Y dye as a sensitizer to prepare visible-light-active TiO 2 catalyst and found that about 93% degradation of 40 ppm phenol solution was achieved within 90 min using eosin Y-TiO 2 /Pt photocatalyst under visible solar light. Recently, natural dyes extracted from flowers, leaves, fruits, and beverages have become a viable alternative to expensive or toxic organic sensitizers because of their low cost, easy attainability, abundance in supply of raw materials, and no environment threat [7] [8] [9] . Among them, anthocyanins are naturally occurring compounds that are responsible for the coloration of flowers, fruits, fruit juice, wines, leaves, stems, bulbs, roots, and so forth. They are also the most important group of visible plant pigments besides chlorophyll and show a broad absorption band in the range of visible light. Therefore, anthocyanins often are used as natural dye sensitizers of wide band gap semiconductors. Calogero et al. [10] extracted anthocyanin natural dyes from Clitoria ternatea as sensitizer of dye sensitized solar cells and absorption spectra of Clitoria ternatea sensitized nanocrystalline TiO 2 thin films show a small shift towards longer wavelength side. Zyoud et al. [11] have successfully used as them a safe alternative sensitizer in photodegradation of organic water contaminant catalyzed by TiO 2 particles. However, these dye-sensitized TiO 2 catalysts suffer from poor stability due to the thermal or photochemical decomposition of dyes and weak binding energy between the TiO 2 and dyes.
What is interesting is that Faul and Antonietti [12] have developed a facile method to synthesize an optically functional, organic composite material by simple precipitation of charged dyes with oppositely charged surfactants. Recently, Xu et al. [13] have also prepared mesoporous silica by using basic fuchsin as template and methylene diisocyanate or aminopropyltriethoxysilane as bridging molecules. More recently, in our group chrome azurol S [14] and even commercial synthetic dyes [15] have been successfully used as templates in synthesis of mesoporous anatase TiO 2 , shifting the absorption edge of TiO 2 to the visible-light range, narrowing the band gap, and resulting in strong absorption in the visible region. The prepared TiO 2 exhibited significant photocatalytic activity in the degradation of four dyes, gentian violet, methyl violet, rhodamine B, and methylthionine chloride under solar light irradiation.
Herein, in the continuation of our work, we further investigated the synthesis and its photocatalytic activity of mesoporous titania templated by anthocyanin from red radish (Raphanus sativus L.), an edible red shell, and heart radish which have a long planting history locally. Here, we call it the radish red pigment. The main ingredient of radish red pigment is pelargonidin derivative which belongs to one of the most widespread anthocyanin. The structural formula for pelargonidin is pelargonidin-3-sophoroside, 5-glucoside structure [16, 17] as shown in Figure 1 . The prepared mesoporous TiO 2 was evaluated by the degradation of three dyes such as methylthionine chloride, gentian violet, and rhodamine B and two phenolic compounds including phenol and 2, 4-dichlorophenol under visible light. Besides, other food dyes with different structural forms, such as purple sweet potato color, safflower yellow, and gardenia blue pigment, were also used as templates to prepare TiO 2 aimed at investigating contrastively the influence of template structure on photocatalytic activities of TiO 2 . Our works imply that anthocyanin from red radish could be potential template for direct synthesis of highly crystalline mesoporous titania with visible-light photocatalytic activity to degrade organic contaminants. To the best of our knowledge, there is no report on using natural pigments as a template for synthesis of mesoporous materials, let alone the simultaneous achievement of highly crystalline mesoscopic frameworks and visible-light photocatalytic activity. In particular, the prepared mesoporous TiO 2 show good activity in the phenol degradation under visible-light irradiation, which have not yet studied in our previous reports [14, 15] . 4 , three dyes including methylthionine chloride (MC), rhodamine B (RB), and gentian violet (GV) and two phenolic compounds including phenol and 2, 4-dichlorophenol were used without further purification and all of them were analytical reagents.
Materials and Methods

Natural Food Coloring
Agents. All pigments were kindly provided by Yunnan Tonghai Yang Natural Products Co., LTD. (a) Radish red pigment (RRP) was extracted from Raphanus sativus L., an edible red shell and heart radish which have a long planting history locally. The process was checked, washed, sliced, extracted, filtrated, purified, concentrated, sterilized, sprayed, and dried. The main ingredient is anthocyanidin which contains pelargonidin. (b) Purple sweet potato color (PSPC) was extracted from purple root tuber of edible sweet potato (Impomoea batatas) planted locally. The process was checked, washed, sliced, extracted, filtrated, purified, concentrated, sterilized, sprayed, and dried. The main coloring ingredient is cyaniding acyl glucoside and peonidin acyl glucoside. (c) Safflower yellow (SY) was extracted from the petal of Carthamus tinctorius, by the process of extracting, filtrating, purifying, concentrating, sterilizing, spraying, and drying. The main ingredient is carthamin yellow. (d) Gardenia blue (GB) was obtained by amination of genipin which was formed by hydrolysis of colorless geniposide from the gardenia fruit of madder family by biological fermentation.
Preparation of Mesoporous
2 . In a typical preparation process of 1.0 g radish red pigment was dissolved in 30 mL ethanol under stirring, and 3.0 g titanium isopropoxide Ti[OCH(CH 3 ) 2 ] 4 was added slowly until the solution became a clear gel. Then 60 mL water was added dropwise under continuous stirring, which caused the immediate precipitation of a solid. Subsequently, the final mixture was stirred for 24 h and then transferred into a Teflon bottle and treated under autogenous pressure at 363 K for 7 days, filtered, washed, dried, and calcined at 673 K in air for 6 h. Finally lightyellow powder was obtained. The samples are designated as MTiO 2 /RRP. Following the same procedure as preparing MTiO 2 /RRP, other mesoporous TiO 2 catalyst prepared by using purple sweet potato color, safflower yellow, and gardenia blue pigment as templates are called MTiO 2 /PSPC, MTiO 2 /SY, and MTiO 2 /GB, respectively.
Characterization. X-ray powder diffraction (XRD)
experiments were conducted on a D/max-3B spectrometer with Cu K radiation. Scans were made in the 2 range 0.5-5
∘ with a scan rate of 0.02 ∘ /min (low angle diffraction) and in the 2 range 10-90
∘ with a scan rate of 10 ∘ /min (wide angle diffraction). High-resolution transmission electron microscopy (HRTEM) images were taken on a TEM (JEOL-200CX). Pore size distributions, BET surface areas, and pore volumes were measured by nitrogen adsorption/desorption using a NOVA 2000e gas sorption analyzer (Quantachrome Corp.). Prior to the analysis, the samples were degassed at 150 ∘ C for 1 h. UV-Vis diffuse reflectance spectra were measured at room temperature in air on a Shimadzu UV-2401PC photometer over the range from 200 to 800 nm. FT-IR measurements were performed on a Thermo Nicolet 8700 instrument. Potassium bromide pellets containing 0.5% of the catalysts were used in FT-IR experiments and 32 scans were accumulated for each spectrum in transmission, at a spectral resolution of 4 cm −1 . The spectrum of dry KBr was taken for background subtraction. X-ray photoelectron spectra (XPS) measurement was performed on a PHI5000VersaProbe II analyzer.
Evaluation of Photocatalytic Activity.
The reactions of the photocatalytic degradation of dyes and phenolic compounds were carried out in a glass batch photoreactor containing 50 mL of a 10 ppm model solution and 25 mg of photocatalyst. The suspensions were magnetically stirred in dark for 24 h to attain adsorption-desorption equilibrium between dyes and mesoporous TiO 2 . The decrease due to adsorption can be deducted after the adsorption equilibrium was achieved. After 24 h in the dark, the reactor was illuminated with a 500 W tungsten lamp. A combination of two filters, VIS-NIR long pass filter (400 nm) and a coloured glass filter (>420 nm), was utilized for the purpose of allowing only visible-light radiation. Samples were analyzed after centrifugation (1500 rpm for 10 min). The color removal of the dye solution was measured by Shimadzu UV-2401PC photometer over the range from 400 to 800 nm.
Results and Discussion
Structure and Morphology of Mesoporous Titania.
The XRD patterns of MTiO 2 /RRP prepared by using radish red pigment as a template, shown in Figure 2 , demonstrates clearly that the sample is highly crystallized and could be indexed to titania of the anatase phase (JCPDS card number 04-0477). No other diffraction is observed, suggesting a pure anatase phase. Detailed analysis of the peak broadening of the (1 0 1) reflection using the Scherrer equation indicates an average crystallite size of ca. 8 nm, indicating that the anatase TiO 2 particles are composed of nanocrystal subunits. Moreover, the small-angle peak at around 0.8 ∘ in 2 (inset in Figure 2 ) corresponds to the internanoparticle separations of 12.6 nm, suggesting that the materials lack long-range ordered arrangements. This is coincident with the results in the literatures [18, 19] .
The N 2 adsorption/desorption isotherms and the pore size distribution of the obtained MTiO 2 /RRP are shown in Figure 3 . This hysteresis shows an IV-type hysteresis loop in the / 0 range from 0.40 to 0.8, a characteristic of titania type mesoporous materials. The BET surface area and pore diameter of the sample are 112 m 2 ⋅g −1 and 3.3 nm, respectively. This phenomenon is in good agreement with those mesoporous TiO 2 templated by other templates, such as block copolymers or surfactants. Typical mesoporous titania prepared by using dodecylamine as templates shows highly aggregated and nonuniform structure [20] . TEM image presented in Figure 4 (a) shows the morphology of MTiO 2 /RRP. By contrast, MTiO 2 /RRP particles are reasonably uniform in size of 200 nm. Moreover, direct evidence for the existence of mesopores with highly crystalline and orderly wormhole frameworks has been obtained from TEM images and selected area electron diffraction pattern shown in Figures 4(b) , 4(c), and 4(d), respectively. Therefore, N 2 adsorption/desorption isotherms, XRD, and TEM are all similar to those of mesoporous TiO 2 templated by block copolymers or surfactants [21] or commercial synthetic dyes previously used by us [15] .
Photocatalytic Activity of Mesoporous
2 . The photoactivities of the synthesized samples were evaluated by the degradation of dyes and phenolic compounds including MC, RB, GV, phenol, and 2, 4-dichlorophenol under visible light. In order to obtain the real photodegradation yield due to the photocatalysis in the presence of photocatalysts, the decreases of the contaminants concentration because of the adsorption and direct photolysis should be deducted. The photodegradation yield was calculated by the following equation [22] :
is the initial concentration of contaminants, is the concentration after photodegradation of contaminants, and is the decreased concentration because of the direct photolysis.
Based on the above definition, the comparison of their photodegradation yields for the degradation of three dyes under visible-light irradiation is shown in Figure 5 . It is noted International Journal of Photoenergy that the photodegradation yields increased sharply with the exposure time, and 20%, 34.9%, and 56.2% of MC, RB, and GV were degraded within 8 h, respectively. The results suggest that some dyes, especially RB, could be degraded effectively by MTiO 2 /RRP. Such behavior has not been observed when the commercial Degussa P25 TiO 2 was used. As is known to all, P25 TiO 2 does not exhibit any meaningful activity for the degradation of RB with visible light even though it exhibits photodegradation yield of ∼87% with UV light. More interestingly, it was found in Figure 6 that the photocatalytic activity of MTiO 2 /RRP for phenolic compounds was higher than that for dyes and the photodegradation yields of phenol and 2, 4-dichlorophenol are up to 54%, 65% after 4 h visiblelight irradiation, respectively. By contrast, Degussa P25 TiO 2 had no any photocatalysis for degradation of the two phenolic compounds.
The success in synthesis of MTiO 2 /RRP by using RRP as a template and its unusual visible-light activity of MTiO 2 /RRP encouraged us to extend this method to other natural pigments. Following the same procedure as preparing MTiO 2 /RRP, safflower yellow (SY), purple sweet potato color (PSPC), and gardenia blue pigment (GB) were used as templates to prepare mesoporous titania called MTiO 2 /PSPC, MTiO 2 /SY, and MTiO 2 /GB, respectively. In the selected pigments, PSPC is an acylated anthocyanidin and SY belongs to chalcone group with the same type C6-C3-C6 backbone structure as anthocyanidin, whereas GB is a rare natural blue pigment with iridoid base structure. The structure of pigments [23] [24] [25] RB and is slightly better than commercial Degussa P25 TiO 2 on visible light activity. By contrast, only MTiO 2 /PSPC shows 29.8% of photodegradation yields after 4 h visible-light irradiation.
From Table 1 , Figures 5 and 6 , we find that TiO 2 prepared by RRP, PSPC, and SY with the C6-C3-C6 backbone structure shows the visible-light activity for RB. Furthermore, International Journal of Photoenergy TiO 2 prepared by RRP and PSPC of anthocyanin have more obvious catalyzed effect on phenol. These results suggest that the effectiveness of the titania photocatalysts prepared by using these natural pigments as templates maybe depend on the structure and complexity of natural pigments [26] . Although there are no more facts to illustrate the relationship between the structures of natural pigments and the photocatalytic efficiency of titania using natural pigments-templates in this study, it can be concluded that anthocyanin from radish red, that is radish red pigment, may be an appropriate selection of natural pigment templates which allows new visible-light photocatalysts to be built directly.
FT-IR and XPS Investigation.
To gain further insight of these phenomena, UV-Vis, FTIR, and XPS spectra of MTiO 2 /RRP, MTiO 2 /GB along with P25 TiO 2 were investigated. The FT-IR spectra of MTiO 2 /RRP, MTiO 2 /GB, and P25 TiO 2 between 400 and 4000 cm −1 are presented in Figure 7 . Interestingly, the peak of MTiO 2 /RRP in the range of 400-1000 cm −1 which is a contribution from the vibrations of Ti-O [21, 27] is much sharper than that of P25 TiO 2 and MTiO 2 /GB. The two broad peaks at 1640 and 3200∼ 3420 cm −1 which can be attributed to the surface-adsorbed water and hydroxyl groups [21, 27, 28] were also observed in MTiO 2 /RRP. The surface hydroxyl groups have been recognized to play an important role in the photodegradation process through their interactions with photogenerated holes. In addition, MTiO 2 /RRP have two bands at 2925 and 2854 cm −1 assigned to the asymmetric and symmetric stretching vibrations of -CH 2 -and CH 3 -in alkyl chains, as well as a band in the 1300-1500 cm −1 assigned to CH 2 bending vibrations, which are evident [29] [30] [31] . The peak at 1400 cm −1 is assigned to CO 2 band [31] . Thus these indicate that during the heating process, dye template was decomposed and removed or physically adsorbed on the surface of MTiO 2 /RRP [31] . However, the FTIR data of -COOTi vibration referenced values of 1070, 1710 and 1220 cm −1 [32, 33] were not found. XPS measurements were also performed to elucidate the surface chemical composition and the oxidation state for the mesoporous TiO 2 . Figure 8(a) depicts the full survey spectra of MTiO 2 /RRP and MTiO 2 /GB samples. One can see that in both samples the elements of Ti and O can be clearly identified, with the binding energies of Ti2p and O1s electrons at approximately 459.1 eV and 529.8 eV, respectively. Moreover, it is interestingly found that the carbon signal with the binding energies of C1s electrons at approximately 285 eV is obviously stronger in MTiO 2 /RRP than in MTiO 2 /GB. This indicates that the surface of MTiO 2 /RRP adsorbs more carbon likely from the organic precursors and template used to prepare the TiO 2 , not adventitious hydrocarbon from the XPS instrument itself. To analyze the state of the carbon element in MTiO 2 /RRP, the C1s high-resolution XPS survey was conducted and the typical spectra are shown in Figure 8 using computer assisted Gaussian-Lorentzian peak model, respectively. The major peak at 284 eV is related to carbon atoms in the C-C, C=C, and C-H bonds [34] . In addition, the binding energies around 285.8, 287, and 289.2 eV are assigned to the C-O, C=O and O=C-O bonds, respectively [35] . The peak around 281 eV resulting from Ti-C bond was not observed, so carbon elements do not substitute oxygen atom in the lattice of anatase. These results are similar to those obtained by using commercial synthetic dyes in our previous work [15] . Figure 8(c) shows the high-resolution XPS spectra of Ti2p in MTiO 2 /RRP and MTiO 2 /GB samples, respectively. The Ti2p XPS curve of MTiO 2 /RRP has a similar shape to MTiO 2 /GB and could be resolved into two contributions corresponding to the different oxidation states of titanium. Each contribution consists of a doublet between the 2p3/2 and 2p1/2 peaks. A main doublet composed of two symmetric peaks situated at binding energies 459.8 eV and 465.5 eV, in agreement with the literature [36] , is assigned to Ti (IV). Another contribution is Ti (III) from Ti 2 O 3 species; the symmetric peaks of the corresponding doublet are situated at binding energies 458.2 eV and 463.7 eV, as reported in the literature [35] . Because the presence of reducing species (C and H) from organic radicals introduced by molecular precursors, TiO 2 synthesized under the present conditions is likely to be oxygen deficient. To maintain the charge neutrality the presence of oxygen vacancies will lead to the formation of lower valent Ti cations [37] . The contributions of Ti 3+ in Ti 2p on the surface of MTiO 2 /RRP and MTiO 2 /GB samples are 42.6% and 20.8%, respectively. The result indicates that the Ti 3+ ions content of MTiO 2 /RRP is evidently higher than that of MTiO 2 /GB, which is due to the fact that a large amount of carbon around the MTiO 2 /RRP nanoparticles reduces TiO 2 to form more Ti 3+ ions. The O1s XPS curve of MTiO 2 /RRP has also a similar shape to MTiO 2 /GB and could be decomposed into several contributions in Figure 8(d) . The main contribution is attributed to Ti-O (531.0 eV) in TiO 2 [38] . The other two kinds of oxygen contributions can be counted by the hydroxyl groups (532.6 eV) and the C-O bonds (533.5 eV), respectively. In addition to the three peaks a shoulder is present at 529.5 eV to the lower binding energy side, indicating the presence of different types of Ti-O species. Thus, Ti 2p and O 1s spectra confirm the presence of Ti 3+ .
UV/Vis
Spectrum. Figure 9 shows the diffuse reflectance UV-Vis spectra of two dyes templates, RRP and GB, and their corresponding titania samples, MTiO 2 /RRP and MTiO 2 /GB, as well as P25. Although RRP and GB exhibit absorption in the visible and UV region, RRP shows obviously higher absorption strength than GB in the range of 200-650 nm in Figure 9 (a). Interestingly, as shown in Figure 9 (b), the titania samples MTiO 2 /RRP also exhibited higher absorption strength than MTiO 2 /GB in visible region. Moreover, the band-gap-absorption onset of MTiO 2 /RRP at the edge of the UV and visible-light range shows an apparent red-shift compared to MTiO 2 /GB which only has slight shift in absorption spectra. Many investigations [15, 37] have found that organic impurities are still present in the TiO 2 , which could be responsible for the unusually high absorption of light. Regarding to MTiO 2 /RRP, the incorporation of carbonaceous species formed during the calcination is a possible reason for the absorption tail in the visible-light region. On the one hand, carbonaceous species can effectively lower the band gap and make the absorption edge of TiO 2 shift to the visiblelight range [15] . Therefore, the MTiO 2 /RRP photocatalyst with lower band gap energies could absorb more visible light.
On the other hand, according to the literature [37] , these carbon residues may occur in highly condensed and cokelike structure around TiO 2 nanoparticles, so it could play the role of sensitizer to induce the visible-light absorption and response. By contrast, P25 TiO 2 does not show any absorption in the visible region and considerable shift in absorption spectra as seen from Figure 9 (b). Due to the significant differences of the preparation processes between our sample and all of those which were prepared by using dyes as only photosensitizers, it is necessary to evoke some reasons why the mesoporous titanium dioxides (MTiO 2 /RRP) prepared by using radish red pigment as templates exhibited the better visible-light photocatalytic activities. The formation of mesoporous metal oxides via such a simple procedure suggests again that radish red pigment molecular, like commercial dyes used in our previous works [14, 15] , is the ideal building blocks for supramolecular chemistry. Although the mechanism details of the formation of mesoporous materials are still far from understood, its highly crystalline framework and high specific surface area can provide more active sites and adsorb more reactive species, which could be one of the reasons that MTiO 2 /RRP affords the better activity toward photocatalytic reactions. On the other hand, both FTIR and XPS measurements in MTiO 2 /RRP indicate the presence of carbon residues such as carbonaceous species formed during calcinations. The incorporation of carbonaceous species may be responsible for the unusually high photodegradation yield of MTiO 2 /RRP under visible-light irradiation. Carbonaceous species can not only induce the visible-light absorption and response as a photosensitizer but also enhance the photoquantum efficiency. When the photocatalyst was excited under visible light, the carbonaceous species can also serve as an electron scavenger to protect the process of electron-hole recombination and that could be important because of the formation of low amount of free carriers [31] . In addition, it has also been reported [39] that Ti 3+ surface states of TiO 2 should act as a photocatalytic active site for the photodegradation of dye molecules and hydrogen generation via water-splitting. However, in our works MTiO 2 /GB with 20% Ti 3+ ions does not show any visible-light photocatalytic activity for RB. The fact suggests that high visible-light activity of MTiO 2 /RRP could mainly result from high carbonaceous species content rather than Ti 3+ ion.
Conclusions
Visible-light responsive mesoporous anatase TiO 2 with highly crystalline framework was successfully synthesized by facile combine sol-gel chemistry and self-assembly routes, directly using RRP, a natural food coloring agent as template. The excellent visible-light driven photocatalytic performance of MTiO 2 /RRP in the degradation of methyl orange and phenolic compounds are mainly attributed to its red shift of band-gap-absorption onset and visible-light response as a result of the incorporation of surface carbon species. In summary, mesoporous titania prepared here was not modified with any transition metals or anions and show good visible-light photocatalytic activities for the degradation of aqueous phase pollutants. This approach is simpler and potentially more stable than conventional photosensitization. Furthermore, the new mesoporous titania materials synthesized using natural food coloring agents as templates may be less toxic than those prepared by the toxic dyes. We believe that the synthetic strategy demonstrated here could be extended to other mesoporous materials. This could open up new uses for mesoporous titania in applications such as treatment of polluted water, dye-sensitized solar cells, or other regions.
